Introduction {#s0005}
============

Glioblastoma (GBM) is the most malignant brain tumor in adults, with a median survival of less than 2 years [@bb0005]. Despite the current aggressive treatments including accurate surgical section with multiple assistive techniques, normalized radiotherapy, and adjuvant TMZ chemotherapy, recurrence is inevitable and the prognosis remains poor [@bb0010]. Although clinical studies are needed to establish optimal therapeutic strategies for GBM, studies at the cellular and molecular levels are equally needed to find better therapeutic targets [@bb0015].

Hyaluronan-mediated motility receptor (*HMMR*) is well known as a breast cancer susceptibility oncogene that plays key roles during the neoplastic progression. Hyperexpression of HMMR has been reported in multiple cancers, including GBM, which is associated with poor outcome of patients [@bb0020], [@bb0025], [@bb0030], [@bb0035], [@bb0040]. Tilghman et al. found that HMMR supports the self-renewal and tumorigenic potential of GBM stem cells, suggesting HMMR as a novel therapeutic target for inhibiting glioblastoma [@bb0020]. Besides direct targeting *HMMR* by small interfering RNA (siRNA), finding other genes that regulate *HMMR* may also benefit GBM treatment.

Recently, more and more evidences declared that noncoding RNAs (ncRNAs) play key roles in human cancer biology [@bb0045]. Those ncRNA molecules longer than 200 nucleotides are named as long noncoding RNAs (lncRNAs), regulating mRNA translation, transcriptional processes and cell development, proliferation, and apoptosis [@bb0050], [@bb0055], [@bb0060]. Antisense transcription is from the opposite strand of a protein-coding gene or a sense strand-derived RNA. Some have demonstrated that more than 63% of transcripts have antisense partners, most of which are noncoding RNAs [@bb0065], [@bb0070]. Antisense lncRNAs can function as positive and negative modulators of coding genes [@bb0075]. Several antisense lncRNAs, such as HOTAIR, TSLC1-AS1, and HIF1A-AS2, have been demonstrated to affect glioma growth [@bb0080], [@bb0085], [@bb0090], [@bb0095], [@bb0100]. The nature antisense partner of *HMMR* is a noncoding RNA named as *HMMR* antisense RNA 1 (HMMR-AS1). As far as we know, whether HMMR-AS1 regulates *HMMR* in GBM and the underlying molecular mechanisms remain unclear.

In the present study, we investigated the effects of HMMR-AS1 on GBM *in vitro* and *in vivo*. We found that HMMR-AS1 is elevated in GBM cell lines and stabilizes *HMMR* mRNA. Knockdown of HMMR-AS1 decreases HMMR mRNA and protein levels; suppresses cell proliferation, migration, and invasion; and reduces expression of ataxia telangiectasia mutated kinase (ATM), RAD51, and BMI1 which are required for efficient homologous repair (HR) of DNA double-strand breaks (DSBs). We built a GBM intracranial xenograft model and found that knockdown of HMMR-AS1 inhibits GBM growth and radiosensitizes GBM *in vivo*. Our data identified this long noncoding RNA HMMR-AS1 regulating *HMMR* and inhibiting GBM propagation.

Materials and Methods {#s0010}
=====================

Reagents and Antibodies {#s0015}
-----------------------

The inhibitor of RNA polymerase II/III, α-amanitin, was purchased from MedChem Express (Monmouth Junction, NJ). The luciferin (*in vivo* grade) used for animal experiments was purchased from Promega (Madison, WI). For Western blot analysis, the primary antibodies against β-actin, c-Myc, BMI1, p27 Kip1, Cyclin D1, CDK2, CDK4, ERK1/2, p-ERK1/2(Thr202/Tyr204), ZEB1, β-Catenin, N-Cadherin, Vimentin, ATM, p-ATM, and Rad51 were all purchased from Cell Signaling Technology (Beverly, MA); HMMR\#1 was purchased from OriGene (Rockville, MD); and HMMR\#2 was purchased from GeneTex (Irvine, CA). For immunohistochemical (IHC) staining, the primary antibody HMMR\#1 was purchased from Origene (Rockville, MD), ZEB1 was from Abcam (Cambridge, MA), and β-Catenin and Vimentin were purchased from Cell Signaling Technology (Beverly, MA).

Cell Culture {#s0020}
------------

Human glioblastoma cell lines U87, U251, A172, and U118 were purchased from CBTCCCAS (Cell Bank, Type Culture Collection of Chinese Academy of Sciences). Human astrocyte cell line HA was provided by China Infrastructure of Cell Line Resources (Beijing Headquarters). All glioblastoma cell lines were cultured in Dulbecco\'s modified Eagle\'s medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. HA cells were cultured in complete astrocyte medium containing 1% astrocyte growth supplement, 2% fetal bovine serum, and 1% penicillin-streptomycin (ScienCell, Carlsbad, CA). Cells were maintained at 37°C in a humidified atmosphere of 95% air and 5% CO~2~.

siRNA Transfection {#s0025}
------------------

Cells were transiently transfected with siRNAs against human HMMR-AS1 or *HMMR* using Lipofectamine 3000 transfection reagent (Life Technologies) according to the manufacturer\'s instructions. HMMR-AS1 and *HMMR* siRNA duplexes were designed and generated by HanBio Co., Ltd. (Shanghai, China). The siRNA sequences mentioned above were as follows: siRNA-*HMMR* (sense: CCCUAAUGCUCACCUUUAUTT, antisense: AUAAAGGUGAGCAUUAGGGTT); siRNA-HMMR-AS1 (sense: UGGAGAAGCUGAAGCCUAATT, antisense: UUAGGCUUCAGCUUCUCCATT); negative control (sense: UUCUCCGAACGUGUCACGUTT, antisense: ACGUGA CACGUUCGGAGAATT).

Lentiviral Infection for Short Hairpin RNA (shRNA) and Gene Transfection {#s0030}
------------------------------------------------------------------------

To establish stable *HMMR* or HMMR-AS1 knockdown cells, lentivirus-based shRNA targeting human *HMMR* or HMMR-AS1 was generated and transfected into cells. Lentivirus containing *HMMR* or HMMR-AS1 full-length sequences was transfected into cells for stable overexpression of HMMR or HMMR-AS1. Lentivirus containing luciferase sequence was transfected into U87 cells (U87-luc cells) for *in vivo* study. All lentiviral vectors mentioned above were generated by HanBio Co., Ltd. (Shanghai, China). The shRNA sequences mentioned above were as follows: shRNA-*HMMR*, GAGTCTTCATCAGAAGCTCTGTTCT; shRNA-HMMR-AS1, GAAGAGATTAGTGCCACCATAAGTA.

Cell Survival and Proliferation Assay {#s0035}
-------------------------------------

Cell Counting Kit-8 (CCK-8 kit) purchased from Dojindo Laboratories (Kumamoto, Japan) was used for cell survival and proliferation assay. For cell survival assay, cells were transplanted into 96-well plates followed by different treatments; then culture medium was discarded, and cells were cultured in 100 μl fresh serum-free medium that contained 10 μl CCK-8 solutions for 2 hours. Then, the 96-well plate was put into an enzyme-linked immunosorbent assay plate reader (Bio-Rad Laboratories, Inc., Berkeley, CA), and optical density values (absorbance) were recorded at 450 nm. The relative cell survival rate was calculated according to the absorbance compared with control. For cell proliferation assay, differently transfected cells were transplanted into 96-well plates and allowed cell growth for 4 days. Optical density values were recorded each day, and the relative cell proliferation was calculated based on the ratios of absorbance to the baseline absorbance at day 1.

Cell Migration and Invasion Assays {#s0040}
----------------------------------

For cell migration assay, cells were transplanted into 24-well Transwell chambers (8-μm pore size, Corning) without Matrigel in serum-free Dulbecco\'s modified Eagle\'s medium. Conditioned medium was cultured into the lower chambers like chemoattractants, while cells in the upper chambers were differently treated. After 18-hour incubation, cells on upper surface of filters were scraped by a cotton swab, whereas cells adherent to the bottom of membrane were fixed by methanol and stained by 0.1% crystal violet. For cell invasion assay, the procedure is the same as migration assay except for coating the upper surface of filters by Matrigel (Corning) before use. Stained cells were observed and pictures were taken using a Zeiss Axio Scope.A1 microscope (Carl Zeiss, Oberkochen, Germany).

Cell Cycle Analysis by Flow Cytometry {#s0045}
-------------------------------------

Cell cycle analysis was performed using a FACS Calibur flow cytometer (BD Biosciences, San Jose, CA) as we described previously [@bb0105]. Briefly, cells transfected with siRNA targeting HMMR-AS1 were harvested and fixed by 75% ethanol. Cell nuclei were analyzed after staining using propidium iodide.

Cellular Immunofluorescence Assay {#s0050}
---------------------------------

Cellular immunofluorescence assay was performed as we described previously [@bb0105]. Briefly, differently transfected cells were attached on coverslips, fixed by 4% paraformaldehyde, and probed with primary antibody HMMR\#1 (OriGene, Rockville, MD) at 4°C overnight followed by incubation with Cy5-labeled secondary antibody (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) for 60 minutes at room temperature. DAPI (Beyotime Biotechnology, Shanghai, China) was used for staining nuclei.

Quantitative Real-Time PCR Assay {#s0055}
--------------------------------

Total RNA was extracted from samples by using Trizol (Invitrogen), and then the RNA was reverse transcribed to form cDNA by SuperScript III Reverse Transcriptase (Invitrogen) as we described previously [@bb0105]. The qRT-PCR assay was performed in an ABI 7300 real-time PCR system (Applied Biosystems). The primers were: HMMR (forward: CATGGTGCAGCTCAGGAACA; reverse: AAGCTGACAGCGGAGTTTTG); HMMR-AS1 (forward: AACTCGCCTATTTAGCCTGGG; reverse: ATACCAGGAACCAGGAGTTGTGT); β-actin (forward: CACCCAGCACAATGAAGATCAAGAT; reverse: CCAGTTTTTAAATCCTGAGTCAAGC). Data analysis was performed using ΔΔCt (threshold cycle normalized by β-actin compare with control) method, and the fold-change was calculated as 2^−ΔΔCt^.

RNA Stability Assay {#s0060}
-------------------

U87 cells stably expressing control shRNA, HMMR-AS1 shRNA, or *HMMR* shRNA were planted into six-well plates. To test the RNA stability, we treated cells with 50 μM α-amanitin and harvested cells for qRT-PCR at 6, 12, and 18 hours posttreatment.

Western Blot Analysis {#s0065}
---------------------

Western blot analysis was performed as we described previously [@bb0105]. Briefly, the whole cell lysates were separated by SDS-PAGE and transferred to a polyvinylidene difluoride membrane. Membranes were then incubated with primary antibodies followed by secondary antibody. Immunoblots of proteins were visualized with chemiluminescent detection kit (Millipore, MA, USA). Public software ImageJ (National Institutes of Health, USA) was used to quantify the densitometry of the immunoblotting bands.

Glioblastoma Intracranial Xenograft Model {#s0070}
-----------------------------------------

This study was approved by the institutional animal care and use committee of Jinling Hospital. First of all, U87 cells expressing luciferase (U87-luc cells) were transfected with HMMR-AS1 shRNA or control shRNA before implantation. Then, approximately 5.0 × 10^5^ U87-luc (control shRNA or HMMR-AS1 shRNA) cells were transplanted into the right striatum of BALB/c nude mice (male at 5 to 6 weeks old) to develop a intracranial xenograft model of human glioblastoma. Tumor growth was monitored by bioluminescence using an *in vivo* living imaging system (IVIS Spectrum, PerkinElmer, Waltham, MA). Mice were sacrificed, and the brain tissues containing tumors were extracted, fixed, and embedded in paraffin for IHC staining.

X-Ray Irradiation {#s0075}
-----------------

Irradiation was performed at room temperature in an RS-2000 Pro Biological Irradiator (Radsource, Buford, GA) at a dose rate of 2.13 Gy/min (maximum energy of 160 kV and 25 mA).

IHC Staining {#s0080}
------------

The whole brain tissues containing tumors were obtained and paraffin-embedded. The specimen was cut as 4-μm--thick sections, and the paraffin-embedded tissue sections were deparaffinized, treated with 3% H~2~O~2~, and incubated with the primary antibody followed by incubation with HRP-labeled secondary antibody. The visualization signal was developed with 3,3′-diaminobenzidine, and then tissue sections were observed and pictures were taken.

Statistical Analysis {#s0085}
--------------------

The SPSS, GraphPad Prism, and Microsoft Excel were used for statistical analysis. Comparisons between two groups were carried out using one-way analysis of variance or independent *t* test, and expressed as mean ± standard error. *P* \< .05 was considered statistically significant.

Results {#s0090}
=======

HMMR-AS1 Regulates HMMR Expression {#s0095}
----------------------------------

We analyzed the levels of HMMR-AS1 transcript in human glioblastoma cell lines, U87, U251, A172, and U118, and a normal human astrocyte cell line, HA, and found that HMMR-AS1 is elevated in glioblastoma cells compared with HA ([Figure 1](#f0005){ref-type="fig"}*A*). Then, to investigate the effects of HMMR-AS1 on GBM cells, siRNA sequences targeting HMMR-AS1 were transiently transfected into U87 and U251 cells to knock down HMMR-AS1 expression. In transfected cells, we found not only the knockdown of targeted HMMR-AS1 transcript but also the downregulation of *HMMR* mRNA ([Figure 1](#f0005){ref-type="fig"}*B*) and protein levels ([Figure 1](#f0005){ref-type="fig"}*D*). The results in U87 and U251 cell lines expressing HMMR-AS1 shRNA also showed that HMMR protein is significantly reduced by knockdown of HMMR-AS1 ([Figure 1](#f0005){ref-type="fig"}, *C* and *D*). Two antibodies against HMMR (HMMR \#1 and \#2) produced by two different companies were used to make the data credible. The results of cellular immunofluorescence confirmed that HMMR expression was reduced in cells transfected with HMMR-AS1 shRNA ([Figure 1](#f0005){ref-type="fig"}*C*). The levels of ERK1/2 and phosphorylated ERK1/2, which have been demonstrated to be regulated by HMMR [@bb0020], were also reduced by knockdown of HMMR-AS1 ([Figure 1](#f0005){ref-type="fig"}*D*).Figure 1HMMR-AS1 is elevated in GBM cell lines and regulates HMMR expression. (A) Relative levels of HMMR-AS1 transcript in GBM cell lines U87, U251, A172, and U118 compared with normal human astrocyte cell line HA, which were represented as fold increases. (B) Relative levels of HMMR mRNA or HMMR-AS1 transcript in U87 and U251 cells treated with siRNA targeting HMMR-AS1. (C) HMMR expression analyzed by immunofluorescence in U87 and U251 cells transfected with HMMR-AS1 shRNA. Scale bar = 10 μm. (D) Knockdown of HMMR-AS1 by siRNA or shRNA reduces expression of HMMR and ERK1/2 and phosphorylation of ERK1/2. Knockdown of *HMMR* was used as positive control. Two HMMR antibodies purchased from different companies were used (HMMR\#1 and \#2). \* *P* \< .05. β-Actin was used as a loading control for Western blot. The blot bands were quantified by ImageJ and represented by relative values compare with loading control (1.00).Figure 1

HMMR-AS1 Stabilizes *HMMR* mRNA {#s0100}
-------------------------------

In U87 or HA cell line stably transfected with full-length sequence of HMMR-AS1, overexpression of HMMR-AS1 did not increase HMMR mRNA ([Figure 2](#f0010){ref-type="fig"}*A*) or protein level ([Figure 2](#f0010){ref-type="fig"}, *B* and *C*). We assume that, as a nature antisense transcript, HMMR-AS1 may act to stabilize the *HMMR* transcript rather than elevate it. To assess the effects of HMMR-AS1 on *HMMR* stability, we used an inhibitor of RNA polymerase II/III, α-amanitin, to block new RNA synthesis and measured the loss of *HMMR* after 18 hours. The loss of *HMMR* mRNA in U87 cells expressing HMMR-AS1 shRNA is faster than that in control cells, indicating that depletion of HMMR-AS1 decreases the stability of *HMMR* transcript ([Figure 2](#f0010){ref-type="fig"}*D*).Figure 2HMMR-AS1 stabilizes *HMMR* mRNA. (A) Relative levels of HMMR-AS1 and HMMR mRNA in U87 and HA cells transfected with lentivirus containing HMMR-AS1 full-length sequence compare with control. (B) HMMR protein expression tested by Western blot in cells that HMMR-AS1 was downregulated or upregulated. (C) HMMR protein expression tested by immunofluorescence in control cells or cells with HMMR-AS1 or *HMMR* overexpression. Scale bar = 10 μm. (D) U87 cells differently transfected were treated with 50 μM α-amanitin for 6, 12, or 18 hours. Cells were then harvested for qRT-PCR to test the loss of *HMMR* mRNA. 18s RNA, a product of RNA polymerase I, was not affected by α-amanitin. Cells transfected with *HMMR* shRNA were used as positive control. β-Actin was used as a loading control for Western blot. The blot bands were quantified by ImageJ and represented by relative values compare with loading control (1.00). ^\#^*P* \> .05, \**P* \< .05. HA: human astrocyte cell line; overexpr.: overexpression.Figure 2

HMMR-AS1 Affects GBM Cell Proliferation, Migration, and Invasion {#s0105}
----------------------------------------------------------------

To investigate the effects of HMMR-AS1 on GBM cell growth, we treated U87 and U251 cells with HMMR-AS1 siRNA for 72 hours. The results showed that siRNA targeting HMMR-AS1 significantly inhibits cell survival ([Figure 3](#f0015){ref-type="fig"}*A*). Then, we investigated whether stable transfection of HMMR-AS1 shRNA affects the proliferation of U87 and U251 cells. Cells were allowed to grow for 4 days. We found that the proliferation of cells transfected with HMMR-AS1 shRNA is significantly inhibited ([Figure 3](#f0015){ref-type="fig"}, *B* and *C*).Figure 3Knockdown of HMMR-AS1 inhibits cell growth and induces cell cycle G1 phase arrest. (A) Cells were transfected with control siRNA or siRNA targeting HMMR-AS1, and cell survival was detected by using CCK-8 kit. U87 (B) or U251 (C) cells were transfected with HMMR-AS1 shRNA and planted in 96-well plates for 4 days. Cell proliferation was detected by using CCK-8 kit every day. U87 cells were transfected with control siRNA (D) or siRNA targeting HMMR-AS1 (E), and cell cycle was analyzed by flow cytometry (F). (G) Several cell cycle regulators were detected by Western blot analysis. β-Actin was used as a loading control. The blot bands were quantified by ImageJ and represented by relative values compared with loading control (1.00). \**P* \< .05.Figure 3

Next, we analyzed the cell cycle of U87 cells transfected with HMMR-AS1 siRNA by using flow cytometry. We found that siRNA targeting HMMR-AS1 increases cells in G1 phase and decreases cells in S phase ([Figure 3](#f0015){ref-type="fig"}, *D*-*F*). We measured the levels of several cell cycle regulators and found that siRNA transfection increases p27 Kip1 level and decreases expression of CDK2, c-Myc, BMI1, Cyclin D1, and CDK4 ([Figure 3](#f0015){ref-type="fig"}*G*). These results indicated that knockdown of HMMR-AS can block cells to pass the restriction (R) point which is necessary for G1 phase progression and S phase entry and arrest cells in cell cycle G1 phase.

Then, we assessed cell migration and invasion by using Transwell chambers. Cells expressing HMMR-AS1 shRNA were transplanted into the chambers for analysis. Our data showed that knockdown of HMMR-AS1 impairs both cell migratory ([Figure 4](#f0020){ref-type="fig"}*A*) and invasive capability ([Figure 4](#f0020){ref-type="fig"}*B*). We also found that knockdown of HMMR-AS1 reduces expression of mesenchymal phenotypes, such as N-cadherin, β-Catenin, ZEB1, and Vimentin ([Figure 4](#f0020){ref-type="fig"}*C*).Figure 4Knockdown of HMMR-AS1 inhibits cell migration and invasion. U87 and U251 cells were transfected with control shRNA or HMMR-AS1 shRNA. (A) Cell migration was analyzed by using Transwell chambers without Matrigel. Scale bar = 50 μm. (B) Cell invasion was analyzed by using Matrigel-coated Transwell chambers. Scale bar = 50 μm. (C) Expression of mesenchymal phenotypes in cells transfected with HMMR-AS1 shRNA was detected by using Western blot. β-Actin was used as a loading control. The blot bands were quantified by ImageJ and represented by relative values compare with loading control (1.00). \**P* \< .05.Figure 4

HMMR-AS1 Affects GBM Growth *In Vivo* {#s0110}
-------------------------------------

To investigate whether knockdown of HMMR-AS1 inhibits glioblastoma growth *in vivo*, we built a glioblastoma intracranial xenograft model. U87-luc cells transfected with control shRNA or HMMR-AS1 shRNA were separately transplanted into the right striatum of nude mice, and tumor growth was monitored by bioluminescence *in vivo* imaging. The bioluminescence signal was captured at day 6, 12, 18, and 24 after cell implantation, and the signal intensity represented the size of transplanted tumor. Our data showed that tumors are smaller in HMMR-AS1 shRNA group (n = 3) than those in control group (n = 3) ([Figure 5](#f0025){ref-type="fig"}, *A* and *B*). The growth curves of individual tumors based on the ratios of bioluminescence signals to the baseline signals at day 6 indicated that the growth of tumors expressing HMMR-AS1 shRNA is significantly inhibited ([Figure 5](#f0025){ref-type="fig"}*C*). The IHC staining showed that expression of HMMR, β-Catenin, ZEB1, and Vimentin is decreased in tumor cells expressing HMMR-AS1 shRNA ([Figure 5](#f0025){ref-type="fig"}, *D*-*F*).Figure 5Knockdown of HMMR-AS1 inhibits glioblastoma growth *in vivo*. U87-luc cells transfected with a control shRNA or HMMR-AS1 shRNA were separately transplanted into the right striatum of nude mice. Tumor growth was monitored by bioluminescence *in vivo* imaging. (A) The bioluminescence signal was captured at day 6, 12, 18, and 24 after cell implantation. (B) The signal intensity represented the size of transplanted tumor. (C) The growth curves of individual tumors were based on the ratios of bioluminescence signals to the baseline signals at day 6. (D) The H&E and IHC staining of HMMR for mice brain sections. Scale bar = 2 mm. (E) IHC staining showed that HMMR expression is decreased in tumors expressing HMMR-AS1 shRNA. Scale bar = 50 μm. (F) IHC staining showed that the expression of mesenchymal phenotypes β-Catenin, ZEB1, and Vimentin is decreased in tumors expressing HMMR-AS1 shRNA. Scale bar = 50 μm. \**P* \< .05.Figure 5

HMMR-AS1 Affects GBM Radiosensitivity {#s0115}
-------------------------------------

To investigate whether knockdown of HMMR-AS1 improves the cytotoxic effects of irradiation on GBM cells, U87 and U251 cells stably transfected with HMMR-AS1 shRNA were exposed to 4-Gy X-ray irradiation, and the cell growth was measured after 96 hours. We found that cells transfected with HMMR-AS1 shRNA were more sensitive to X-ray irradiation ([Figure 6](#f0030){ref-type="fig"}*A*).Figure 6Knockdown of HMMR-AS1 sensitizes glioblastoma to X-ray irradiation *in vitro* and *in vivo*. U87 and U251 cells were transfected with control or HMMR-AS1 shRNA, and cells were exposed to 4-Gy X-ray irradiation. (A) Cell survival was detected using CCK-8 kit. (B) ATM and p-ATM levels were detected by using Western blot. (C) U87 and U251 cells were transfected with HMMR-AS1 siRNA or shRNA, and the expression of RAD51 and BMI1 was detected by using Western blot. (D) U87-luc cells transfected with a control shRNA or HMMR-AS1 shRNA were separately transplanted into the right striatum of nude mice. Mice were exposed to a total dosage of 12-Gy X-ray. (E) The bioluminescence signal was captured at day 10 and 16 postirradiation, and the signal intensity represented the size of transplanted tumor. (F) The growth curves of individual tumors were based on the ratios of bioluminescence signals to the baseline signals at day 0. β-Actin was used as a loading control. The blot bands were quantified by ImageJ and represented by relative values compare with loading control (1.00). \**P* \< .05.Figure 6

To further reveal the mechanisms, we measured the expression of ATM, RAD51, and BMI1 in cells. ATM is the master kinase in the process of DNA repair responding to irradiation [@bb0110]. RAD51 and BMI1 are downstream of ATM and are required for efficient HR of DNA DSBs [@bb0115], [@bb0120]. Our data showed that knockdown of HMMR-AS1 reduces expression of ATM and irradiation-increased phosphorylation of ATM ([Figure 6](#f0030){ref-type="fig"}*B*). Moreover, knockdown of HMMR-AS1 by either transiently transfected siRNA or stably transfected shRNA reduces the expression of RAD51 and BMI1 ([Figure 6](#f0030){ref-type="fig"}*C*).

Then, we assessed whether knockdown of HMMR-AS1 sensitizes GBM to X-ray irradiation *in vivo*. U87-Fluc reporter cells expressing HMMR-AS1 shRNA were orthotopically transplanted into the right striatum of nude mice. A total dosage of 12 Gy (3 Gy each day for 4 consecutive days) whole brain X-ray radiotherapy was administrated with a dedicated small animal radiotherapy device. The bioluminescence signal was captured at day 10 and 16 postirradiation ([Figure 6](#f0030){ref-type="fig"}*D*). The bioluminescence signals of individual tumors and the growth curves of tumors based on the ratios of signals to day 0 indicated that tumors expressing HMMR-AS1 shRNA (*n* = 3) are more sensitive to radiotherapy than control (*n* = 3) ([Figure 6](#f0030){ref-type="fig"}, *E* and *F*).

Discussion {#s0120}
==========

As the partners of protein-coding genes, most antisense transcripts are noncoding in the mammalian genome, although some of them have been demonstrated to encode peptides [@bb0125], [@bb0130], [@bb0135], [@bb0140], [@bb0145]. Antisense transcripts are variously expressed in different tissues and cell lines and are not always linked to expression of the sense gene [@bb0065], [@bb0150], [@bb0155], [@bb0160], indicating their complicated regulatory effects. Lots of functional antisense transcripts in mammalian genomes and the proposed mechanisms for antisense-mediated regulation of sense mRNA have been reported [@bb0165]. One noteworthy mechanism of antisense interfering sense is to alter sense mRNA stability and then regulate sense-encoded protein. A *BACE1* antisense transcript, BACE1-AS, has been found to be elevated in Alzheimer\'s disease and increases *BACE1* mRNA stability and protein expression [@bb0170]. Nature antisense transcript of inducible nitric oxide synthase gene has been reported to increase the stability of inducible nitric oxide synthase mRNA and participate in NO-mediating inflammatory diseases [@bb0175]. A *Sirt1* antisense lncRNA was found to interact with *Sirt1* mRNA, forming RNA duplex to stabilize *Sirt1* [@bb0180]. On the contrary, in cases of sense-antisense interaction, some antisense transcripts were identified to inhibit sense protein expression by stalling translation [@bb0185], [@bb0190], [@bb0195]. In the present study, we demonstrated that an *HMMR* antisense RNA, HMMR-AS1, is elevated in GBM cells and regulates *HMMR* expression. Knockdown of HMMR-AS1 reduced both *HMMR* mRNA and protein levels, whereas ectopic overexpression of HMMR-AS1 did not affect *HMMR* expression. Thus, we assumed that HMMR-AS1 may act to stabilize *HMMR* structurally rather than promote or stall its expression. To define the sense-antisense interference between *HMMR* and HMMR-AS1, we analyzed the stability of *HMMR* mRNA by using α-amanitin and found that knockdown of HMMR-AS1 destabilizes *HMMR* mRNA.

Since HMMR-AS1 is hyperexpressed in GBM cells, we investigated whether knockdown of HMMR-AS1 affects cell growth. We separately used siRNAs or shRNA targeting HMMR-AS1 to transfect GBM cells and found that knockdown of HMMR-AS1 suppresses cell growth both *in vitro* and *in vivo*. In U87 cells transfected with HMMR-AS1 siRNA, cell cycle was blocked to pass the restriction (R) point which is necessary for G1 phase progression and S phase entry, and several cell cycle regulators (CDK2, CDK4, Cyclin D1, and p27 Kip1) were involved. We also found that knockdown of HMMR-AS1 reduces phosphorylation of ERK1/2 and expression of BMI1 and c-Myc. ERK1/2 and BMI1 have been reported as the downstream factors of HMMR in maintaining the malignancy of GBM [@bb0020]; thus, HMMR-AS1 may regulate ERK1/2 and BMI1 by altering HMMR expression. c-Myc functions as a transcriptional regulator with roles in cell proliferation and differentiation, and has been reported as a downstream regulator of ERK1/2 signaling in lung tumorigenesis [@bb0200]. Although no reported study ever mentioned whether HMMR can directly regulate c-Myc expression in GBM, we assumed that HMMR-AS1 may regulate c-Myc through HMMR/ERK1/2 signaling, yet further studies are needed to reveal the mechanisms. Moreover, we found that knockdown of HMMR-AS1 inhibits GBM cell migration, invasion, and the mesenchymal phenotypes. As a hyaluronan receptor, HMMR has ever been identified to be required for epicardial cell epithelial-mesenchymal transition (EMT) and migration [@bb0205]. Hyperexpression of HMMR has been reported to promote mitotic spindle formation and cell motility [@bb0210], [@bb0215] and is associated with cancer aggressiveness, metastatic outgrowths, and poor prognosis [@bb0025], [@bb0220]. Thus, HMMR-AS1 may affect cell migration and invasion by regulating HMMR expression.

Clinically, GBMs are characterized by resistance to radiotherapy. A major mechanism of radioresistance is through activation of DNA repair pathways responding to DNA DSBs [@bb0225], [@bb0230]. ATM is the master regulator in DNA repair responses which plays critical roles in conferring GBM radioresistance, targeting which provides a strategy for GBM radiosensitization and growth control [@bb0235], [@bb0240]. RAD51 and BMI1 are both ATM downstream DNA repair proteins involved in HR of DSBs [@bb0115], [@bb0120], [@bb0245]. RAD51 is overexpressed and contributes to radioresistance in malignant gliomas [@bb0250], and BMI1 is enriched in GBM cells as a component of the DNA damage response machinery [@bb0120], [@bb0245]. Inhibition of RAD51 has been shown to radiosensitize glioma stem cells [@bb0255], and BMI1 deficiency in GBM cells severely impaired DNA DSB response, resulting in increased sensitivity to radiation [@bb0245]. Our study revealed that knockdown of HMMR-AS1 reduces irradiation-induced phosphorylation of ATM and the levels of RAD51 and BMI1, sensitizing GBM to X-ray irradiation *in vitro* and *in vivo*.

Conclusions {#s0125}
===========

This study demonstrates that an *HMMR* antisense RNA, HMMR-AS1, is hyperexpressed in GBM cells and participates in cell growth, migration, and invasion by regulating HMMR expression. Knockdown of HMMR-AS1 suppresses and radiosensitizes GBM *in vitro* and *in vivo*. Our new findings reveal a mechanism of sense-antisense interference between *HMMR* and HMMR-AS1, provide a supportive evidence for targeting long noncoding RNA to GBM, and suggest HMMR-AS1 as a potential target for GBM treatment.

Financial Support {#s0130}
=================

This work was supported by National Natural Science Foundation of China (grant numbers 81301905, 81672503); and Natural Science Foundation of Jiangsu Province (grant number BK20140731).

Acknowledgements {#s0135}
================

Not applicable.

Declarations of Interest {#s0140}
========================

None.

[^1]: These authors contributed equally to this work.
